This report describes the features and the performance of a new and significantly improved 1536-well microplate design. The design allows for simple, automation-friendly, and cost-effective storage of compound solutions for high-throughput screening. The plate design is based on Society for Biomolecular Sciences standards for microplates and can be molded from polystyrene or cycloolefin copolymer, thus making the plate suitable for use with acoustic dispensing as well as other conventional liquid dispensing in the nanoliter range. For a 9:1 DMSO/water mix as solvent, the novel plate design has shown to perform over 4 months with only minor losses in solvent. Thus, this novel plate design creates the basis for further reductions in compound storage volumes and allows for an increase in the storage times for microliter volumes for up to a year or more. The high protection against solvent evaporation is also visible for aqueous solutions, thus allowing for reduced edge effects during screening campaigns. (Journal of Biomolecular Screening 2009:492-498) 
INTRODUCTION
A ssay miniaturization to the 1536-well microplate format in automated ultra-high-throughput screening (uHTS) is an obvious way to increase screening capacity and to reduce the consumption of reagents and compounds-and hence reduce the costs per data point. 1, 2 During the past decade, the quantification of fluorescence, luminescence, and, even to some extent, optical density have become basically independent of plate format because of the use of CCD-based plate imaging instruments. 2, 3 This has triggered a gradual transition to more precise liquid handling, which enables assays to be conducted with volumes in the range of a few microliters, without compromises in assay quality. However, the development of suitable logistics for compound handling has not quite matched the progress achieved for assay miniaturization. The full potential of the 1536-well format, in terms of compound savings and throughput, is only attained if the compound solutions are stored in and dispensed from a low-volume storage plate with the same highdensity format as the assay plate.
Hence, the switch to the routine use of the 1536-well format for uHTS at Novartis was dependant on finding a suitable highdensity storage plate for compound solutions and a corresponding pipetting technology. The concept for compound handling at the screening centers of Novartis is based on a centralized solution production, which is colocated with the compound powder store. 4 In this concept, compounds are dissolved in a 9:1 mixture of DMSO/water and stored as 2-mM stock solutions. The stock solutions are subsequently shipped to all the Novartis screening centers worldwide, allowing their repetitive use in multiple screens. During screening, the compound solutions are kept in automated online stores at 10 °C and at a relative humidity of around 10%. Under these conditions, the solvent mixture does not freeze, and its water content is in equilibrium with the environment, thus avoiding the negative effects of freezethaw cycles 5 as well as additional water uptake by the compound solutions. Decentralized compound dispensing allows for direct compound addition to preprocessed assay plates (e.g., containing cells), thus minimizing the loss of compounds that may be only partially soluble in the assay buffer, as opposed to the commonly adopted concept of single-use intermediate compound dilution plates, which can suffer from incomplete redissolution of dried-down compound films or from precipitation of compounds during preparation of aqueous intermediate dilutions. 6 The implementation of the decentralized use of compound solutions has been further facilitated by the advent of several technologies for low-volume dispensing during the previous years that can reformat solution volumes in the nanoliter range out of 1536-well plates (e.g., pin tools, piezoelectric dispensing, and capillary-based technologies). 2 Recently, a novel contactfree pipetting technology based on acoustic droplet ejection (ADE) 6, 7 has been established that transfers compound solutions in volumes of 2.5 to 50 nL directly from compound source plates into assay plates in 1 step and on top of predispensed reagents or cell layers.
This report describes the technical features and the performance of a newly designed 1536-well plate and lid, which allows for simple, automation-friendly, and cost-effective storage as well as repetitive use of compound solutions on fully integrated uHTS platforms over prolonged periods of time. This novel plate design allows compound storage without the need for multiple sealing/piercing steps and thus is compatible with all the nanoliter volume pipetting technologies mentioned above.
MATERIALS AND METHODS

Instrumentation
The various 1536-well microplates investigated were stored either in a StoreX1000 carousel incubator (Liconic AG, Mauren, Liechtenstein; settings: 10 °C, 10% relative humidity, spin-onidle set active) or a Cytomat44 plate storage module (Thermo Scientific Corp., Langenselbold, Germany; settings: 10 °C, 10% relative humidity, DMSO filled into an internal reservoir). Solvent volume in each well of the various 1536-well microplates was measured using the auditing mode of an Echo550 acoustic dispenser (Labcyte, Inc., Sunnyvale, CA). 
Plate type and lid
Microplates
All plate and lid types investigated were made from cycloolefin copolymer (COC) or polystyrene (PS), as listed in Table 1 , and were obtained through Greiner Bio-One GmbH (Frickenhausen, Germany) or Remp AG (Oberdiessbach, Switzerland), respectively. The Novartis storage plate and lid (NSPL) 8 consists of a plate body and a lid that reveal their advantages only when used in conjunction. The plate and lid comply with Society for Biomolecular Sciences (SBS) standards 9 with respect to footprint dimensions, bottom outside flange dimensions (skirt), and well position definitions. The plate height is 12.2 mm (11.2 mm without lid), and the maximal well volume is 16.25 µL. The 1536-well area is surrounded by a ditch, which can be filled with sacrificial solvent. The outside skirt of the plate is designed in such a way that plates can be easily stacked and destacked. The opening between lid and skirt allows for a robotic gripper to move the lidded plate and to remove the lid on demand.
Setup of experiments to assess evaporation rates
Under the standard protocol, 3, 6, or 9 µL per well of DMSO/water 9:1 was filled into the various microplates using a CyBi Well (Cybio AG, Jena, Germany). Plates were covered with the appropriate lids, as indicated in Table 1 , and stored under different conditions (StoreX1000 or Cytomat44) for up to 6 months. Plates were weighed empty and directly after dispensing to calibrate the subsequent measurements after various storage periods. Before each weighing, plates were deionized on the Echo 550 and positioned on a metal ring to avoid interference by electrostatic charge. For the condition "NSPL+D," the ditch sections around the corners of the NSPLplate were filled with sacrificial DMSO/water 9:1, as depicted in Table 1 .
The filling volumes in the individual wells of the microplates were determined by employing the auditing mode of the Echo 550 acoustic dispenser and the accompanying software package that calculates, well by well, the filling heights from the sound reflections at the polymer-to-liquid interface (well bottom) and at the liquid-to-air interface (meniscus of the solvent). 6, 7, 10 The averaged well filling heights, as determined by acoustic auditing, correlate linearly with average solvent volumes per well as deduced from plate weights before and after filling with various amounts of solvent per well. Such calibration curves for each plate type were subsequently used to calculate individual well filling volumes and evaporation rates (total volume loss/total incubation time) from filling heights as determined by acoustic auditing.
If the fluid heights fall below 0.4 mm (corresponding to approximately 1 µL residual volume), the meniscus tends to touch the bottom of the well, and acoustic auditing cannot discriminate properly between well bottom and fluid meniscus. Therefore, fluid heights below 0.4 mm were set to 0, and the well was considered empty. For a simplified graphical representation of the positional evaporation rates across plates, wells were grouped according to their position between the plate corners and the plate center ( Fig. 1) .
RESULTS
Specific features of the NSPL
A novel 1536-well storage plate plus lid with low-evaporation properties was designed by Novartis NIBR Basel and manufactured by Greiner Bio One. The design process leveraged a tight feedback loop between the manufacturer and the Novartis test laboratory to gain optimal performance and fit to requirements. The main features of this Novartis storage plate and lid combination (NSPL) are a special design of the plate and lid interface resulting in a better seal, a common equilibration space above the well matrix, and a geometrical well design compatible with acoustic dispensing. The main purpose of this study was to test experimentally the suitability of this plate for long-term storage of compound solutions compared to other commercial plate types, without need for further adaptations to our robotic screening platforms.
Evaporation performance of the NSPL
To evaluate the performance of the NSPL in the uHTS environment, we applied the following storage conditions and determined the rate of solvent evaporation experimentally:
• DMSO/water 9:1, carousel-based microplate incubator (Liconic StoreX1000), 10 °C, 10% relative humidity • DMSO/water 9:1, shuttle-based microplate incubator (Thermo Cytomat44), 10 °C, 10% relative humidity • Water in ambient laboratory environment, as is typical for assay plate processing on HTS platforms during screening campaigns
The Liconic StoreX1000 is currently the most common incubator system used by the HTS platforms at the Novartis Basel site for the online storage of the compound solutions. One StoreX1000 holds on a carousel up to 44 plate stackers with 21 microplates each, altogether more than 1.3 million wells.
In order to facilitate a most homogeneous environment, irrespective of plate position, a so-called spin-on-idle routine makes the turntable move by one position every 10 min if no other process is taking place.
Microplates of various types were filled with DMSO/water 9:1 and monitored over 4 months for overall loss of solvent as well as the intraplate distribution profile of evaporation. The overall solvent loss, as determined by differential weighing of the plates, was at least 5-fold lower with the NPSL (Fig. 2) as compared with a commercial 1536-well low base plate and lid combination (LBCL). At the time of these initial experiments, only lids for cell culture applications were available from the manufacturer. These cell culture lids intentionally do not make a tight seal with the plate body to allow carbon dioxide exchange. A flat lid from another vendor was used tentatively (LBFL in Fig. 2) , which indeed cut the solvent loss by half, but evaporation was still 2 to 3 times higher than with the NSPL. Sacrificial solvent in the ditches around the plate corner did not reveal an additional beneficial effect in this part of the investigation looking at entire plates.
A deeper analysis of evaporation patterns across the well matrix of the storage plates was performed by acoustic auditing, which is a very useful feature of the ECHO 550 acoustic dispenser and can be used independently from actual dispensing by ADE. With this method, the distance between well bottom and solvent meniscus is determined separately for each well by harnessing the sound reflections at the respective interfaces and measuring the sound travel times. 10 The profile of the relative solvent volume present in each well, over time, reveals additional differences, which are most apparent when visualized in 3 dimensions (Fig. 3) . As long as no sacrificial solvent is used, the evaporation rates are highly inhomogeneous for all Time course for overall solvent loss (DMSO/water 9:1) from various microplate and lid combinations upon storage in a carouseltype plate store at 10 °C and 10% relative humidity. One plate of each type (for description, see Table 1 ) was initially filled with 6 µL DMSO/water 9:1 and weighed at the times indicated. The loss in weight per plate is given as compared to the initial filling. As weighing cannot discriminate between solvent loss from the wells versus the ditches, for the condition NSPL+D, a corresponding averaged weight loss for the plate was calculated from the individual well filling heights as determined by acoustic auditing.
plate types and strongly depend on the distance of the respective wells from the edges of the plates. The corner wells of the LBCL and LBFL plates lose around 50% of the initial volume after only 1 month of storage, whereas the NSPL can be stored for about 4 months until a similar loss is reached. Filling the ditches just around the plate corners with sacrificial solvent almost fully abolishes any inhomogeneity, and even the outermost corners of the plate now retain still more than 80% of the initial volume after 4 months. A quantitative analysis of evaporation rates according to well positions confirms that NSPL plates perform not only with lower overall evaporation rates, but also the evaporation gradient between the plate center and the plate corners is shallower ( Fig. 4) . Averaged evaporation rates for the corner wells after 32 days of storage are reduced from 3.5 nL/h for LBCL down to 1.1 nL/h for NSPL or even 0.4 nL/h in the case of NSPL+D. Toward the center of the plates, the evaporation rates become rather low and uniform for all plate types with values in the range of 0.1 to 0.3 nL/h. The high data scatter for the well groups close to the plate corners is due to an asymmetry of the evaporation pattern ( Fig. 4,  insert) , which indicates that not only diffusion plays a role but also some directed air flow due to the spin-on-idle carousel movement, which transports solvent vapor out of the plate. Evaporation rates do not vary significantly with filling volumes in the range of 3 to 9 µL per well (Fig. 5) . Therefore, in first approximation, the initial minimal filling volume needed per well can be estimated from a minimal residual "safety" volume, the intended storage time and the evaporation rate for the corner wells. As an example, 6 µL initial filling volume per well of a NSPL would be sufficient for a 6-month storage period in a StoreX1000, and even the corner wells would still retain 1.2 µL residual volume after this time.
Performance of NSPL in a side-by-side comparison of 2 microplate storage devices
The technical features of the Cytomat44 plate storage module differ significantly from the more common carousel-based incubators such as the StoreX1000, as the plate positions are fixed, and only the plate handler moves, forming a shuttle system. In contrast to other incubators, the Cytomat44 offers the possibility to fill DMSO into a basin located at the bottom of the incubator to keep the atmosphere saturated with DMSO vapor. In combination with the controlled, steady-state climate of 10% relative humidity at 10 °C, this should help to maintain an atmosphere that is in equilibrium with the DMSO/water 9:1 solvent mixture. Our data, obtained after 4 months of storage with the NSPL, indeed confirm that evaporation rates are even further reduced, most prominently in the wells close to the plate corners (Fig. 5) . In an extended study, 10 microplates were kept at various positions in the StorX1000 and 14 plates in the Cytomat44 to detect also potential effects of plate FIG. 3. Three-dimensional representation of the solvent volume distribution across the well matrix for different microplate and lid combinations after various times of storage. One plate of each type (for description, see Table 1 ) was initially filled with 6 µL DMSO/ water 9:1 and stored in a carousel-type plate store at 10 °C and 10% relative humidity. At the time points indicated, the filling heights of the individual wells were determined by acoustic auditing. Relative volumes (initial volume is 100%) were color-coded as indicated. Dependence of solvent evaporation rates on the distance from the plate corners for different microplate and lid combinations after 32.3 days of storage. One plate of each type (for description, see Table 1 ) was initially filled with 6 µL DMSO/water 9:1 and stored in a carousel-type plate store at 10 °C and 10% relative humidity. Initially and after 32.3 days, the filling heights of the individual wells were determined by acoustic auditing, and evaporation rates were calculated. Data from wells of equal position along the plate diagonals from corner (group 1) to center (group 24) were combined, and average and standard deviation for the 4 values of each data group are given (for detailed description, see Fig. 1 ). The insert shows a 2D view of the solvent volume distribution in a low base plate and lid combination (LBCL) after 4 months of storage (same color coding as in Fig. 3) .
position within the storage devices. The evaporation rates, averaged over the wells next to the corners, were around 0.7 nL/h for the StoreX1000 and around 0.3 nL/h for the Cytomat44.
No strong or systematic differences for the various positions within the incubators were detected (data not shown). For the center wells (data group 24), evaporation rates were again rather uniform, and no significant differences were seen between the 2 plate stores.
Performance of NSPL as assay plate containing water as solvent
Miniaturization of assay volumes down to a few microliters in 1536-well plates can create problems with water evaporation even during regular plate-handling times due to the much higher vapor pressure of water (2338 Pa at 20 °C) as compared to DMSO (55.6 Pa at 20 °C). 11 Therefore, the NSPL should offer superior properties not only as a storage plate for compound solutions but also for performing miniaturized biological assays in aqueous solution. Comparative evaporation studies were done for the same plate and lid combinations as before but now with water as solvent and under ambient temperature and humidity. Not surprisingly, evaporation rates for water turned out to be 10-to 100-fold higher, and the gradient between center and corner wells was considerably steeper. Nevertheless, relatively very similar beneficial effects were observed with the NSPL (Fig. 6) . A corner well in a conventional plate with cell culture lid loses around 0.3 µL/h of volume; however, with the NSPL less than 0.1 µL/h is lost. Again, filling water into the ditches around the corner wells abolishes the evaporation gradient between center and corner wells.
For comparison, from an uncovered microplate, up to 1 µL of water will evaporate within 1 h, now more or less uniformly from every well of the plate. These results underline that robotic handling times during assay preparation on the deck of robotic screening systems need to be controlled as carefully as possible. In fact, for miniaturized assays in the range of 2 to 5 µL, cumulative open-plate handling times as low as 10 to 20 min will already diminish the assay volume by more than 10% and could influence the assay results significantly, depending on the nature and sensitivity of the respective assay type.
DISCUSSION
The NSPL has shown significant advantages over existing designs, in terms of its evaporation profile, for prolonged storage periods. Acoustic auditing proved to be a very useful tool for these investigations as it allows one to analyze differences 
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Corner wells
Center wells FIG. 5. Solvent evaporation rates for the Novartis storage plate and lid (NSPL) combination after 4 months of storage in 2 different compound storage devices. Lidded NSPLs were initially filled with 3, 6, or 9 µL DMSO/water 9:1 and stored either in a carousel-based (STX, StoreX1000, 10 °C, 10% relative humidity) or a shuttle-based (C44, Cytomat44, 10 °C, 10% relative humidity, DMSO filled into an internal reservoir) plate store. Initially and after 4 months, the filling heights of the individual wells of each microplate were determined by acoustic auditing, and evaporation rates were calculated. Data from wells of equal position along the plate diagonals from corner (group 1) to center (group 24) were combined. Gray bars represent the average for the 4 center wells (group 24), whereas white bars represent the 12 wells of groups 1, 2, and 3 that were combined (corner wells; for detailed description, see Fig. 1 ). Water evaporation rates for various microplate and lid combinations at ambient temperature and humidity. One plate of each type (for description, see Table 1 ) was initially filled with 6 µL water and kept at ambient temperature (26 °C) and humidity (38%). Initially and after 4.5 h, the filling heights of the individual wells of each microplate were determined by acoustic auditing, and evaporation rates were calculated. Data from wells of equal position along the plate diagonals from corner (group 1) to center (group 24) were combined. Gray bars represent the average for the 4 center wells (group 24), whereas the white bars represent the 12 wells of groups 1, 2, and 3 that were combined (corner wells; for detailed description, see Fig. 1 ). For the condition NSPL+W, the ditches around the corner wells were filled with sacrificial water, as outlined in Table 1 .
in the spatial evaporation profile across the well matrix by direct quantification of individual well volumes. The data presented here suggest that 2 features of the NSPL design contribute most to the superior performance. Teethed protrusions between plate and lid form a labyrinth-like barrier against air flow and vapor diffusion and reduce the overall solvent loss from the plate. In combination with the free space between lid and well matrix, which allows for equilibration of solvent content in the gas phase, a markedly more uniform evaporation pattern is achieved, which protects the corner and edge wells from drying down. With the NSPL, the protection from evaporation is good enough to store 6 µL of compound solutions in DMSO/water 9:1 for up to half a year in a carousel-type incubator without risking the drying out of any wells, even not at the corners. If a shuttle-based incubator with DMSO-saturated atmosphere is employed, storage times can be increased to more than a year with the same result. Besides lacking the option of a DMSO-saturated atmosphere, it is obviously also the spin-on-idle routine in the carousel-based incubators that leads to an asymmetric evaporation pattern over the well matrix and hence to a reduced storage period. If a loss of 1 µL over 2 to 3 months is considered still too much for the desired application, there is still the possibility to fill the ditch sections around the corner wells of the NSPL with sacrificial solvent, which practically abolishes the evaporation gradient across the well matrix as long as the ditches do not dry out themselves. In this case, it can be extrapolated that storage periods of more than 1 year should be easily achievable, with still all wells usable for compound transfer by ADE. Although the concentration of the stored compound solutions will increase with time due to partial evaporation, there should be no risk that active compounds would be missed during screening.
Furthermore, the NSPL can be produced not only from COC, as is needed for chemical resistance against DMSO and for compatibility with ADE, but also from the much cheaper PS, which is the standard material for microplates holding aqueous solutions. Thus, the NSPL is currently being used successfully as an assay plate for uHTS to mitigate edge effects in the case of assay protocols with prolonged incubation times.
In conclusion, the NSPL and lid allow for miniaturized storage of compound solutions in the 1536-well format and-by its full compatibility with standard robotic equipment-remains a straightforward, easy to implement, and cost-effective alternative to other new storage plate designs that have come to the market more recently. One desirable improvement for a future version of the NSPL may concern tiny condensate returns just above each well on the inner side of the lid to redirect any potential solvent condensate right back into the respective wells upon a brief centrifugation.
